Several lines of evidence link glucose-6-phosphate dehydrogenase (G6PD) deficiency to protection from severe malaria. Early reports suggested most G6PD deficiency in sub-Saharan Africa was because of the 202A/376G G6PD AÀ allele, and recent association studies of G6PD deficiency have employed genotyping as a convenient way to determine enzyme status. However, further work has suggested that other G6PD deficiency alleles are relatively common in some regions of West Africa. To investigate the consequences of unrecognized allelic heterogeneity on association studies, in particular studies of G6PD deficiency and malaria, we carried out a case-control analysis of 2488 Gambian children with severe malaria and 3875 controls. No significant association was found between severe malaria and the 202A/376G G6PD AÀ allele when analyzed alone, but pooling 202A/376G with other deficiency alleles revealed the signal of protection (male odds ratio (OR) 0.77, 95% CI 0.62 -0.95, P ¼ 0.016; female OR 0.71, 95% CI 0.56 -0.89, P ¼ 0.004). We have identified the 968C mutation as the most common G6PD AÀ allele in The Gambia. Our results highlight some of the consequences of allelic heterogeneity, particularly the increased type I error. They also suggest that G6PD-deficient male hemizygotes and female heterozygotes are protected from severe malaria.
Introduction
Geographical, epidemiological and in vitro evidence support the hypothesis that glucose-6-phosphate dehydrogenase (G6PD) deficiency confers protection from disease caused by the Plasmodium falciparum parasite.
1 G6PD is a key component in the pentose phosphate pathway, employed by erythrocytes to handle oxidative damage. After invasion of host erythrocytes, malaria parasites digest haemoglobin to provide growing space and to obtain nutrients. This process releases toxic by-products, inducing oxidative stress on the cell. G6PD is encoded by a 16.2 kb gene found on the X chromosome. Approximately 160 genetic variants causing clinical deficiency of G6PD have been characterized. 2 The geographical distribution of these deficiency alleles closely reflects populations exposed historically to endemic malaria. 3, 4 In 1995, a case -control study of 2039 African children from The Gambia and Kenya reported that female heterozygotes and G6PD-deficient male hemizygotes were protected from severe malaria. 5 Recently, another study of 3197 Malian children (2765 with uncomplicated malaria and 432 with severe malaria) reported that hemizygous males, and not heterozygous females, were protected against severe disease. 6 Earlier studies indicated generally that male hemizygotes and female homozygotes were protected from malaria, 3,7 -9 although a few authors have suggested that it is the female heterozygotes who receive protection. 10 -12 A number of methodological issues have been highlighted to explain these different findings, including the small sample size of earlier studies, variation in phenotype definition, choice of controls, village surveys vs hospital-based studies, age or immune status of subjects and study location. 6, 13, 14 The 202A/376G G6PD AÀ allele is considered to be the most common G6PD deficiency allele in sub-Saharan Africa. This allele has two non-synonymous single nucleotide polymorphisms (SNPs) at positions 202 and 376 of the coding sequence, 15 and exhibits around 12% of normal enzyme activity compared with that of the wild-type G6PD B allele. 5, 16 Haplotypes with only a derived allele at position 376, and not at 202, mark the G6PD A allele, which has around 85% of normal enzyme activity. Other G6PD deficiency alleles are known to exist in sub-Saharan Africa, but are thought to make up only 5% of the total (an estimate based on an early study of 20 African Americans). 1, 16 Owing to the relative ease of high-throughput genotyping, modern disease association studies have employed DNA genotyping, focusing on the G202A/ A376G SNP combination. 5, 6 However, a recent study from Senegal in West Africa found two other common deficiency alleles in the Sereer population G6PD Santamaria (542T/ 376G, 1% frequency) and G6PD Betica-Selma (968C/376G, 10%). 17 The rates of G6PD deficiency in West Africa range around 10 -20% or more, 18 . These discrepancies raise the possibility that alternative G6PD deficiency alleles may be relatively common in parts of West Africa, and may sometimes outnumber the 202A/376G G6PD AÀ allele. We set out to investigate whether the allelic heterogeneity of G6PD deficiency could complicate genetic association studies of severe malaria susceptibility. We carried out a populationbased association analysis of 2488 Gambian children with severe malaria and 3875 controls. We genotyped G6PD G202A and A376G along with the three other G6PD variants, studied in Senegal. 17 The Gambia is geographically close to Senegal in West Africa, contains members of the Sereer ethnic group and is one of the three populations studied previously in large genetic association studies. Genomic DNA samples underwent whole genome amplification through either Primer Extension Pre-amplification (PEP) 22 or Multiple Displacement Amplification (MDA), 23 before genotyping on a Sequenom MassArray genotyping platform. 24, 25 Details of the genotyped SNPs are documented in Figure 1 and Table 1 . The G6PD G202A and A376G SNPs were genotyped in all 6363 samples. The additional three SNPs (A542T, G680T and T968C) were genotyped in a subset (1999 cases and 620 controls). Table 1 , for more details).
Sequenom genotyping for the sickle variant (HbS, rs334) was carried out for all samples as described previously. 26 Genotype calling was carried out using an automated algorithm, followed by visual inspection to assess quality. As the proportion of male heterozygotes was low (0.2%), they were removed from the analysis. The rate of genotype call discordance in the 10% of samples replicated was low (0.2%). No deviations from the Hardy -Weinberg equilibrium (Supplementary Table 1) were observed in population controls (P40.05). The SNP and haplotype association analysis was undertaken using logistic regression, with an adjustment for the potentially confounding effects of ethnic groups (Fula, Jola, Mandinka, Wollof, other) and HbS status. The association analysis of each ethnic group was not carried out individually because of small sample size. Haplotypes were reconstructed using an expectationmaximization algorithm. Statistical analysis was carried out using the R software package (http://www.r-project.org).
Results
We genotyped the G6PD SNPs, G202A and A376G, in 2488 children with severe malaria and 3875 cord blood controls from The Gambia. We began by analyzing the G6PD G202A and A376G SNPs individually ( Table 2 ). In contrast, the 376G allele (frequency 31.9%, marker for G6PD A, an allele with near normal enzyme activity) appeared to be associated with protection in Gambian males (OR 0.89, 95% CI 0.79 -0.99, P ¼ 0.04). This result is likely to be due to the complex haplotypic structure of the G6PD locus. Specifically, among subjects who have 376G, some are G6PD A (near normal enzyme activity), whereas others (by virtue of having another mutation in cis) are G6PD AÀ (with severely reduced enzyme activity). In the Gambians, the 376G variant is present on haplotypes with at least three nonsynonymous SNPs capable of causing enzyme deficiency. No associations were seen during multi-SNP analysis of G202A and A376G (Table 3) . Next, we repeated the analysis including the additional G6PD variants. Among the Gambian controls, the 968C allele was at a frequency of 7.8% and the 542T allele was at 2.2%. No 680T alleles were detected. Even with the smaller sample size (see Methods), our analysis found disease associations with 542T/376G and 968C/ 376G haplotypes in single-and multi-marker analysis. When we analyzed all the deficiency haplotypes together (pooling 202A/376G, 542T/376G and 968C/376G haplotypes) (Table 3) , we see a significant protective effect (B23% reduced risk) in males (P ¼ 0.016) and (B29% reduced haplotype risk) in females (P ¼ 0.004). Female heterozygotes for a deficiency allele (202A/376G, 542T/ 376G or 968C/376G) appeared to be protected (heterozygotes vs homozygous wild-type OR 0.62, 95% CI 0.42 -0.92, P ¼ 0.018). However, no protection for homozygotedeficient females was detected (homozygous deficient vs homozygous wild-type OR 0.99, 95% CI 0.72 -1.38,
Interestingly, the 542T/376G G6PD Santamaria allele causes a more severe G6PD deficiency (B2% residual enzyme activity), 27, 28 
Discussion
These results provide an empirical example of how unrecognized allelic heterogeneity can confound genetic association studies. Theoretical treatments and simulation studies have highlighted the potential for allelic heterogeneity to impair power in genetic association studies, particularly when functional variants go undetected.
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Our results confirm recent findings from Senegal, 17 suggesting that the diversity of common G6PD deficiency alleles in parts of West Africa is probably greater than that considered previously. Furthermore, our data raises the possibility that unrecognized allelic heterogeneity may have complicated past studies of G6PD deficiency and severe malaria susceptibility, particularly those studies that have classified subjects according to their genotypes and not their G6PD enzyme activity. Although in a highthroughput setting, phenotypic assays of G6PD enzymatic activity are more difficult to undertake than sequencebased assays, it is preferable to use both. This would enable a more accurate assessment of the concordance between these two approaches.
Initial single-and multi-SNP analysis, ignoring additional deficiency alleles, suggested that the conventional 202A/376G G6PD AÀ allele was not associated with severe malaria. One reason for this result is limited statistical power due to low allele frequency. The 202A allele is at a frequency of only 2.8% in the Gambian controls, significantly lower than reported previously. 5 The second explanation for the negative association in the single SNP analysis is that the 202A allele is being compared not only against the wild-type B allele but also against other deficiency variants. Depending on the protection offered by these other alleles, and hence their relative depletion among cases, this could mask the true effects of 202A. When other deficiency alleles are included in our analysis, we could clearly show an association between G6PD deficiency and severe malaria. The issue, in which G6PD genotypes receive protection from malaria, has been the subject of much debate over the years. The majority of studies have reported that hemizygous males are protected. 3,5 -9 This finding was replicated by our work. It seems plausible that females homozygous for deficiency alleles are also protected. However, the rarity of such individuals has made it difficult for even large association studies to show whether this is true. 5, 6 We too found no association between homozygousdeficient females and severe malaria. With only around 0.5% of study subjects being female and homozygous, our statistical power is once again rather limited. Whether heterozygous females are protected from malaria has been controversial; only some studies have reported this finding. 5,10 -12 We speculated initially that the association between female heterozygotes and protection, found by Ruwende et al, may have been due to misclassification of some compound heterozygotes (eg 202A/542T or 202A/ 968C genotypes) as simply G202A heterozygotes. However, having taken into account the additional alleles, heterozygous females still appear to be protected from severe malaria. Although it is possible that yet more unrecognized G6PD deficiency alleles exist in the Gambian population, our data suggest that both heterozygous females and hemizygous males are protected from severe malaria in The Gambia. The exact mechanism for the protection offered by G6PD deficiency is still uncertain. Some, but not all, in vitro studies have suggested an impaired parasite growth in deficient cells (see Greene, 13 for a review). More recent work has suggested other mechanisms may be involved, such as early phagocytosis of infected erythrocytes. 33 Conceivably, heterozygotes might benefit from having a sub-population of G6PD-deficient erthythrocytes that are subjected to the same mechanisms as the G6PD-deficient cells of male hemizygotes. Some authors have also suggested an intrinsic benefit to heterozygosity, such as poor parasite adaptation to the mixture of G6PD-deficient and normal cells.
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G6PD deficiency was among the first human genetic traits found to influence complex disease, and it continues to provide an interesting paradigm. 3 Gaining a greater understanding of exactly how G6PD variation modulates malaria susceptibility may suggest novel approaches in prevention and treatment. Future studies of G6PD deficiency in Africa, employing genetic epidemiology, need to consider establishing the region-specific repertoire of functional variation before embarking on focused genotyping. The large-scale resequencing of the G6PD gene in African populations is also likely to generate further fascinating insights into how P. falciparum has shaped our genome.
